We have studied the cathodoluminescence of Al x Ga 1 -x As/GaAs multilayers grown on ridge-type triangles by molecular beam epitaxy. The compositional variation of Al, as well as the distribution of impurity and/or defect, was revealed by variations in the cathodoluminescence spectra and images. The Al composition in an Al x Ga 1 -x As layer was highest in the (111)A facet and decreased in the order (100), (411) (100) and (110) facets. It should be noted that the (111)-d facet has a significant effect on the redistribution of Al. Although our ridge-type triangles are rather large for the quantum structures, these data have elucidated the self-organization mechanism of the Al x Ga 1 -x As/GaAs system and have yielded information on the design of quantum structures. We conclude that cathodoluminescence observation is a powerful tool for studying the compositional variation or band structure of three-dimensional microscale or nanoscale construction.
Introduction
In the field of semiconductor nanotechnology, selective growth is an important technique in fabricating well-defined nanoscale structures. With the help of patterning, we cannot only specify the position of crystal growth, but also control the structure itself. Thus, if we fabricate an array with a certain pattern on the substrate, we can produce an array of designed structures by selective growth techniques. Various types of patterns have been proposed so far, such as V-grooves [1] [2] [3] , ridges [4, 5] , pyramids [6] , tetrahedral-shaped recesses [7, 8] , etc.
We chose to study ridge-type triangles and have investigated the mechanism of selective growth of the Al x Ga 1 -x As/ GaAs system by means of cathodoluminescence (CL). Since this heterostructure is a lattice-matched system, we are almost free from the effect of strain. Thus, we may attribute peak shifts to the compositional variation. To make up for the poor resolution of the conventional CL system, we fabricated a model structure almost 100 times larger than the actual desired structure. Then, GaAs and AlGaAs layers were deposited by molecular beam epitaxy (MBE). In this paper, we have characterized the Al composition of AlGaAs layers and impurity distribution in GaAs layers by CL spectra and images. The crucial points in fabricating the desired structure are also discussed.
Methods
Ridge-type equilateral triangles were formed on the GaAs (111)A substrates by photolithography and selective chemical etching. The substrate was Si-doped n-type GaAs grown by the Horizontal Bridgman technique, the carrier concentration of which was 1 × 10 18 -3 × 10 18 cm -3 . The substrate was spincoated with AZ1350J resist and was then photolithographically patterned. A mixture of HF + H 2 O 2 + H 2 O was used for selective etching. The procedure has been detailed previously [9] . Figure 1 shows the geometry of the ridge-type triangle with the atomic structure of a GaAs (111)A substrate. The base length of the bottom of the triangle was 50 mm. The sidewalls were equivalent {100} facets or, more accurately, 1° off from {100}. The intersection angle (q) of the sidewalls to the (111)A substrate was 54°. Five pairs of undoped GaAs (200 nm thick) and Al 0.3 Ga 0.7 As (200 nm thick) were successively grown on the patterned substrate by MBE. Then, a cap layer of undoped GaAs (300 nm thick) was deposited. Growth was done at a substrate temperature of 620°C. The pressures of As 4 , Ga and Al were P As = 4.4 × 10 -3 Pa, P Ga = 6.9 × 10 -5 Pa and P Al = 1.4 × 10 -5 Pa. The V/III flux ratios g s were 7.4 for GaAs and 6.2 for AlGaAs. The substrate was rotated at 60 r.p.m. On the (111)A facet, the growth rate R of the GaAs layer was 0.66 monolayers s -1 , while that of AlGaAs was 0.94 monolayers s -1 .
Cathodoluminescence observations were done with an electron beam tester composed of a scanning electron microscope (TOPCON DS130) and a light detection system [10] . Cathodoluminescence emission was collected by an ellipsoidal mirror and led to a monochromator (Jobin Yvon, HR-320) via an optical fibre. A serial detector and parallel detector were installed in the system [11] . The serial detector is a photomultiplier (Hamamatsu, R3310-02) working in a photon-counting mode. The parallel detector was a charge-coupled device (Jobin Yvon, Spectra-View 2D), whose spectral acquisition time was less than 1/100 that of the serial detector. The parallel detection system was used for CL spectral acquisition and the serial one for CL imaging. The CL images were taken with a resolution of 160 × 160 pixels. Most observations were done with an electron beam excitation of 10 kV and 1 nA. The generation range, which is the measure of the diameter of generation sphere of electron hole pairs, is calculated as 0.9 mm for an electron beam of 10 keV [12] . We estimated that the spatial resolution was ~1.2 mm for this experiment, from the sharp edge profiles in CL images. This value is small enough to characterize the selective growth structure of GaAs/AlGaAs layers on the ridge-type triangles. The specimen temperature was kept at 18-25 K for CL observation.
Results and discussion
Geometry of the ridge-type triangle Figure 2a shows the plan-view secondary electron image of the edge region of the triangle. This image clearly shows the (001) sidewall. The GaAs layers and AlGaAs layers are distinguished as the bright and dark regions, respectively. The facet at the ridge was determined to be (114)A. The (001) facet is rather wavy, indicating that step bunching took place during growth. The bottom (111)A plane neighbouring the triangle is curved, showing the etching anisotropy of the etchant used in this study [9] . Thus, the vicinal surface appears in the vicinity of the triangle, which is denoted as (111)-d. The schematic presentation of the actual ridge-type triangle is shown in Fig. 2c . The change in the etching condition alters the angle of the sidewall. This structural change results in the appearance of different facets at the ridge or edge regions. The variation of the structure was classified in [13] . Figure 3 shows the CL spectra taken from the various facets. The spectra varied greatly according to the facets. In all the spectra, the luminescence from 640 to 750 nm in wavelength originated in the AlGaAs layers, while that from 815 to 860 nm originated in the GaAs layers.
Spectrum of each facet
As for the AlGaAs layers, luminescence was weak in the (111)A, (114)A and (001) facets, and rather strong in the (110) and (111)-d facets. The top (111)A facet had weak emission peaks at 667 nm (1.86 eV) and 650 nm (1.91 eV). If we attribute these emission peaks to the band-edge luminescence, the Al compositions correspond to x = 0.274 and 0.313, respectively. The (001) facet also had weak luminescence from 665 to 705 nm. They were shifted to longer wavelengths compared with the (111)A facet, indicating that the Al composition in the (001) facet was smaller than that in the (111)A facet. The (114)A facet had weak luminescence between 650 and 720 nm, with maximum intensity at 693 nm. The (110) facet had a rather strong broad emission between 670 and 733 nm, with two main peaks at 704 and 710nm. The (111)-d facet also had a broad emission between 665 and 730 nm, with a maximum at 698 nm. The emissions of AlGaAs layers were replotted against the photon energy and then fitted with single Gaussian peaks, as shown in Fig. 4 . Except for the spectra of the (111)A and (110) facets, the emission profiles roughly fit single Gaussian. The peak positions and standard deviations of Gaussian are listed in Table 1 . These results indicated that the Al composition x was in the order of (111)A > (001) > (114)A > (111)-d > (110). The AlGaAs becomes indirect when the Al composition becomes >30%. Thus, it is generally observed that the emission intensity of the AlGaAs layer decreases with an increase in Al composition.
As for the GaAs layers, on the other hand, the peaks were not shifted with the Al composition. The top (111)A facet had rather strong emissions at 818 nm (1.52 eV) and 831 nm (1.49 eV), as well as weak peaks at 834 nm (1.48 eV) and 841 nm (1.47 eV). The 818 nm peak was assigned as the free excitonic emission of GaAs. The 831 nm peak was the emission related to the recombination of a free electron to a bound hole at the carbon (C) acceptor of As site (C As ; C-related emission). The (001) facet had a strong peak at 818 nm and weak peaks at 823, 829 and 841 nm. The peak at 823 nm may be attributed to the complex centre, which includes C impurity and Ga vacancy (C-V Ga ) [14] . The peak at 829 nm may be attributed to the recombination of a free electron to a bound hole at C As . The peak at 841 nm may be attributed to the donor acceptor pair recombination involving Ge in the As site (Ge As ) [15] . The (114)A facet also had a weak 818 nm emission and a very strong 831 nm emission, as well as a shoulder at 835 nm.
These results indicate that a high concentration of C impurities is incorporated into this facet. It is also noted that the peak of excitonic emission in the (110) facet was at 820 nm. The peak at 820 nm in the (110) facet is different from the free excitonic emission at 818 nm in other facets. This peak may be attributed to the excitonic emission bound to the neutral acceptors. The possibility of the residual strain in this facet is excluded by the coincidence of the peak position of C acceptor (831 nm). Figure 5 shows the monochromatic CL images as well as a secondary electron (SE) image of a ridge-type triangle. Since the SE detector was placed in the bottom-right direction, the SE images are not seen in 3-fold symmetry, but this symmetry in fact existed. The CL images do not suffer from the same artificial effect, since the luminescence is collected by the ellipsoidal mirror above the specimen. In the SE images, the highindex facets are hardly seen at the ridge and corner regions due to the small pixel numbers. It should be mentioned that the hollow region around the triangle is distinguished. The CL images vary greatly with the wavelength. As for the luminescence of AlGaAs, the base and top (111)A facets are bright in the CL image at 670 nm, while the (111)-d, (001) and (114)A are dark. Both the base (111)A and top (111)A appear as mosaic patterns, indicating that the Al composition was not uniform in these facets. It is noticeable that the periphery of the hollow region, especially the base of the triangle, is bordered with bright patches. The CL image at 680 nm is rather similar to that at 670 nm, although the periphery of the hollow region is more enhanced. The (114)A facets are visible in this image. The (001) facets are still dark in this image, although this wavelength is the peak wavelength of the AlGaAs layer. In Fig. 3 , we measured the average spectrum of each facet by scanning the whole area of the facet. Thus, the strong emission near the edge region, namely the border of the hollow region, enhanced the peak around 680 nm in the spectrum of the (001) facet in Fig. 3 . At 700 nm, the hollow region turns out to be bright. Moreover, the periphery of the hollow region is more enhanced. The (110) facets are bright in this image. The image at 710 nm is similar to that at 700 nm, but the hollow region is more uniform. The (114)A facets are clearly distinguished in the images at 700 and 710 nm. It corresponds to the spectrum of the (114)A facet in Fig. 3 .
Monochromatic images
As for the luminescence of GaAs, in the CL image at 820 nm the edge and sidewall are bright. In other words, the free exciton recombination is stronger at the (110) and (001) facets. Since these regions are much brighter than the other parts, the other parts have turned dark in this image. The CL image at 830 nm is strong at the (114)A facet and the top and base of (111)A facets. The sidewall and hollow regions are dark. The periphery of the hollow region is dim. The top and base (111)A images are not uniform. Their patterns are dimmer than those in the AlGaAs image (670 nm). Since this luminescence originated in C impurities in GaAs layers, these observations indicate that C impurities tend to be incorporated into the (111)A facet and that their distribution pattern is much dimmer than that of Al in AlGaAs layers.
In any case, it should be noted that the hollow region plays a crucial role in the distribution of Al in AlGaAs layers and of C impurities in GaAs layers.
Line profile of CL spectra Figure 6 shows the line profile of the CL spectra. An electron beam was scanned along the ridge-type triangle, as denoted by the line on Fig. 5a . The profile was smoothed by averaging every point with its eight neighbours. This procedure did not lose the characteristics of peak positions and profiles. The bird's-eye view clearly shows that AlGaAs emission is strong at the outside of a ridge-type triangle and that its peak position continuously varies along different facets. These findings indicate that the surface diffusion of Ga and/or Al plays an important role in the composition of AlGaAs, resulting in the complex electric structure of a ridge-type triangle. In general, it is reported that the surface diffusion length of Al (l Al ) is much smaller than that of Ga (l Ga ) on the (001) surface, namely l Al (001) < < l Ga (001) [16, 17] . Thus, if we assume that the above inequality holds on the other orientations, we may regard l Ga as the main determinant in the compositions of an AlGaAs layer on various facets. Namely, the facet with a larger l Ga tends to have a larger Al composition and vice versa. Actually, according to Takebe et al. [12] , the diffusion length of Ga (l Ga ) varies as
Consequently, we reach the following relation for x Al , the composition of Al in AlGaAs,
The actual variation of the AlGaAs peak position coincides with the first part of the inequality (2) and thus supports the above idea.
On the other hand, eq. (1) cannot explain CL data. The CL data indicate that x Al (001) A > x Al (114)A or x Al (111)A > x Al (110). Thus, eq. (1) may oversimplify the actual phenomenon. Other factors, such as the variation of l Al or the geometrical configuration of facets, may also affect the compositional variation.
The Al composition is smaller in the (111)-d facet than in any other facets. This implies that the diffusion length of Ga is smallest on this facet. This hollow facet, however, includes many steps. Such steps may have a big impact on the l Ga and/ or x Al . The AlGaAs peak position, namely the Al composition, of the (111)A base plane is similar to that of the top (111)A facet. In any case, this vicinal plane creates another perturbation in the distribution of Ga and Al, probably due to the higher density of surface steps and kinks compared with the exact (111)A plane.
In any case, the above results indicate that Ga atoms tend to diffuse from the (111)A to the (001) facets, whereas Al atoms diffuse from the (001) to the (111)A facets.
The emissions from GaAs are rather strong at the inside of the ridge-type triangle. The two peaks of GaAs emission vary, somewhat complementary, in the ridge-type triangle. We may assume that the peak intensity ratio between C-related emission and excitonic emission, namely I(830 nm) / I(818 nm), is proportional to the C impurity concentration. With this hypothesis, the C concentration is the highest in the (114)A facet. It then decreases in the order of (111)A, (111)-d and (001). Namely
This result suggests that polar facets tend to incorporate more C impurities than nonpolar ones. The peak intensity of excitonic emission varies in an opposite order, namely
Generally, the lower the concentration of a nonradiative centre becomes, the higher the intensity of excitonic emission. Thus, we may regard not only C but also the nonradiative centre as tending to be incorporated into the facets in the order shown in eq. (3). With the above results, we can draw a schematic illustration of the surface diffusions of Ga and Al as well as C impurity incorporation during crystal growth, as shown in Fig. 7 .
Comparison of the data acquisition method
We have used different methods to observe the variation in luminescence properties of AlGaAs and GaAs layers on a ridge-type triangle. The point mode of spectral acquisition is simple and it is very easy to find the characteristics of each facet. The monochromatic CL images give information about the variation of Al composition in the AlGaAs layer and/or C impurities in the GaAs layer. These images are very useful for determining whether or not an actual fine structure is fabricated as designed. Such a method has been applied to the study of quantum dot structures and its importance has been demonstrated [18] . The line profile of the CL spectra aids the analysis of growing conditions by visualizing the diffusion of Al and/or Ga or the incorporation of C impurities. Thus, we can choose any data acquisition method to elucidate artificial fine structures, including quantum structures.
Concluding remarks
We have characterized the GaAs/AlGaAs layers grown on a ridge-type triangle using CL. The variation of Al composition in AlGaAs layers and the distribution of C impurities in GaAs layers were clearly found by CL spectra and images. Not only the high-index facets but also the vicinal plane around the ridge-type triangle play important roles in the resultant fine electric structure of this artificial ridge-type triangle. In addition, several data acquisition methods of CL were compared with each other to elucidate their respective advantages.
